The radiation environment encountered in space differs in nature from that on Earth, consisting mostly of highly energetic ions from protons up to iron, resulting in radiation levels far exceeding the ones present on Earth for occupational radiation workers. Since the beginning of the space era, the radiation exposure during space missions has been monitored with various active and passive radiation instruments. Also onboard the International Space Station (ISS), a number of area monitoring devices provide data related to the spatial and temporal variation of the radiation field in and outside the ISS. The aim of the DOSIS (2009DOSIS ( -2011 and the DOSIS 3D (2012-ongoing) experiments was and is to measure the radiation environment within the European Columbus Laboratory of the ISS. These measurements are, on the one hand, performed with passive radiation detectors mounted at 11 locations within Columbus for the determination of the spatial distribution of the radiation field parameters and, on the other, with two active radiation detectors mounted at a fixed position inside Columbus for the determination of the temporal variation of the radiation field parameters. Data measured with passive radiation detectors showed that the absorbed dose values inside the Columbus Laboratory follow a pattern, based on the local shielding configuration of the radiation detectors, with minimum dose values observed in the year 2010 of 195-270 lGy/day and maximum values observed in the year 2012 with values ranging from 260 to 360 lGy/day. The absorbed dose is modulated by (a) the variation in solar activity and (b) the changes in ISS altitude.
Introduction
It is well known that the radiation field in free space is one of the most complex natural radiation fields consisting of contributions from Galactic Cosmic Rays (GCR) and protons due to sporadic Solar Particle Events (SPE) (Nelson 2016) . These two sources contribute to the radiation load as, for example, on the way to Mars and can lead to dose equivalent values only from GCR exposure of up to 1.84 mSv/day (Zeitlin et al. 2013 ).
In Low Earth Orbit (LEO), a third contribution to human radiation exposure is given by the trapped particles in the Earth radiation belts (Van Allen belts), particularly when the International Space Station (ISS) crosses the South Atlantic Anomaly (SAA) (Reitz 2008) . Further on, the radiation field inside the ISS is modulated due to different local shielding thicknesses as well as due to orbital changes of the ISS. Determination of radiation environmental parameters is essentially aimed at gaining knowledge about the internal radiation environment onboard the ISS. In addition; only a reliably measured dataset for radiation exposure and the variation of the radiation load enables us to (a) use this data as input for radiation model and benchmark calculations ) and (b) work toward a reasonably good radiation risk estimation for future long duration space missions (Durante & Cucinotta 2011) . The radiation environment onboard the ISS has been monitored since the beginning of the ISS era with various active and passive radiation detector systems (see reviews in : Berger 2008; Caffrey & Hamby 2011; Narici et al. 2015) aiming for exact area monitoring within (Kodaira et al. 2014 ) and outside the ISS . Furthermore; various experiments aimed at determining the effective dose equivalent using phantoms for the improvement of radiation risk estimations have been performed (see for example: Reitz et al. 2009; Berger et al. 2013 , Puchalska et al. 2014 ). In addition, passive radiation detector systems have been used as operational personal radiation detectors of the astro-and cosmonauts (Straube et al. 2010) . The DOSIS and DOSIS 3D experiments currently performed onboard the ISS are aimed at improving our understanding of the radiation environment onboard the ISS and providing a set of data that can be used by the radiation research community for the benchmarking of radiation transport codes, as well for providing input to build a real 3D model of the radiation environment inside the ISS.
The DOSIS and DOSIS 3D experiments
The aim of the DOSIS (2009 DOSIS ( -2011 and the DOSIS 3D (2012-ongoing) experiments was and is to measure the radiation environment within the European Columbus Laboratory of the ISS (see Fig. 1 ).
These measurements are, on the one hand, performed with passive radiation detectors mounted at 11 fixed locations within Columbus for the determination of the spatial distribution and long-term temporal evolution of the radiation field parameters. Due to their passive nature the detectors need to be returned to Earth for evaluation in the respective laboratories and also provide only integrated values of the dose received during their exposure. On the other hand, measurements are also carried out with two active radiation detectors mounted at a fixed position inside Columbus for the determination of the temporal variation of radiation field parameters. Due to their active nature they can provide near real-time information about the radiation field parameters. The longterm data gathered within the two experiments so far enables us to see variations of the radiation environment due to changes in solar activity, as well as due to altitude changes of the ISS.
DOSIS and DOSIS 3D experiments: hardware
The experiment hardware for DOSIS and DOSIS 3D experiments consists on the one hand of the so-called Passive Detector Packages (PDPs) consisting of thermoluminescence (TL), optically stimulated luminescence (OSL) detectors and nuclear track etch detectors (CR-39), which are put together in appropriate detector holders and sewed into Nomex Bags. These PDPs are mounted with adhesive Velcro strips at 11 locations within the Columbus Laboratory. Table 1 shows the PDPs location within Columbus, with the relevant related Research Racks and the coordinates, based on the Columbus coordinate system. The origin of the Columbus coordinate system is on the central axis of Columbus, where the module is connected to the ISS Node 2 (Axis orientations: +X along the Columbus module axis toward the end cone (starboard side of the ISS), +Y to Columbus forward side/ISS flight direction, +Z to Columbus overhead/zenith) (EADS 2009) .
Figure 2 provides a graphical illustration (''Fish Eye View'') of the relevant detector locations, thereby showing that the locations are chosen in such a way as to enable a 3D dose distribution profile over the whole Columbus Laboratory. Figure 2 also provides the flight direction of the ISS and shows that five of the PDPs are located in the forward direction (see also PDP locations in italics in Table 1 ) while five of the PDPs are mounted in the backward direction of Columbus. In addition, PDP #X (so-called Triple PDP) is mounted close to the active radiation detectors beneath the EPM, thereby also being positioned in the backward direction.
The active part of the DOSIS and DOSIS 3D hardware consists of two silicon detector telescopes (DOSTEL-1 and DOSTEL-2) looking in flight direction (DOSTEL-1) and perpendicular to the ISS flight direction (DOSTEL-2). The two instruments are connected over the so-called DOSTEL Data and Power Unit (DDPU) and mounted in a Nomex Box, called the DOSIS-MAIN-BOX, at a fixed position beneath the EPM rack. The DOSIS-MAIN-BOX is connected via a NASA 16 V Power Brick to an SUP outlet for the provision of power to the instruments. Data connection is done via the EPM LAN Interface at the upper right part of the EPM Facility. The scientific and housekeeping data are downloaded by the EPM rack via Ethernet connection with a nominal period of four weeks. Figure 3 shows as example two PDPs mounted at location #1 (Star cone) (see Fig. 3a ) and location #5 (EPM) (see Fig. 3b ), the DOSIS-MAIN-BOX beneath EPM (Fig. 3c) , and the Triple PDP mounted on the left side of the DOSIS-Main-Box (see Fig. 3d ). Overall, with the active and passive detectors, the instrument suite provides a tremendous amount of data for the spatial and temporal variation of the radiation environment inside Columbus.
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DOSIS and DOSIS 3D experiments: timeline
For the investigation of the spatial and temporal distribution of the radiation field inside the European Columbus module, the European Space Agency (ESA) experiments DOSIS (Dose Distribution Inside the ISS) ( ) and DOSIS 3D (2012 were and are performed onboard the ISS. Within these two experiments eight sets of passive radiation detectors (DOSIS 1 and 2; DOSIS 3D 1-6) and two active radiation detectors (DOSTEL-1 and DOSTEL-2) measured the radiation environment over a wide timeframe. Table 2 gives a graphical overview of the relevant measurement periods for the active detectors (A) and the relevant passive detectors (DOSIS 1 and 2; DOSIS 3D 1-6). A mission-related timeline for the passive radiation detectors is additionally shown in Table 3, while Table 4 provides the mission-related timeline for the active radiation detectors. Table 4 ).
At the end of DOSIS, two passive detector exposure periods with 136 and 191 days were accomplished, as well as one long-term measurement period with the active DOSTEL-1 instrument of 290 days and one long-term measurement period with the active DOSTEL-2 instrument of 645 days. The active (Table 4) and a new set of PDPs with the Soyuz 30S mission. In the framework of the DOSIS 3D project, the PDPs are up/downloaded with each even number Soyuz flight, with an overall mission duration between 125 and 170 days (Table 3) . Further on, Table 3 also gives the time the passive detectors were installed at relevant locations inside Columbus (see also Sect. 2.1). The overall percentage of time the detectors were installed at relevant positions accounts for between 93 and 96% of the overall mission duration.
Within the DOSIS 3D project, the active radiation detectors have been measuring for 969 (DOSTEL-1) and 957 (DOSTEL-2) days since the start of the experiment (Table 4) .
DOSIS and DOSIS 3D solar cycle and space station altitude
Comparing the data from the DOSIS and DOSIS 3D experiments over a timespan of more than six years (2009) (2010) (2011) (2012) (2013) (2014) (2015) requires the understanding of various parameters influencing the recorded doses as the ISS altitude and the solar cycle.
The temporal variation of the ISS altitude is given in Figure 4 for the DOSIS (in red) and the DOSIS 3D (in blue) experiment timeframes. The altitude ranged from 337 to 375 km for the DOSIS (see Fig. 4 in red) experiment up to the middle of June 2011. It is worthwhile to mention that during the last days of the active part of the DOSIS experiment in June 2011, the ISS started an altitude increase from~340 km to over 375 km. For the DOSIS 3D (see Fig. 4 in blue) experiment starting in July 2012, the ISS altitude ranged from 398 to 417 km. Assuming similar shielding conditions, the contribution of Galactic Cosmic Ray particles is almost independent of the station altitude, whereas the fluence of trapped protons increases with altitude, also due to prolonged passages of the ISS through the South Atlantic Anomaly (SAA).
One other parameter influencing the radiation environment in LEO and the radiation load inside the ISS is the solar cycle. Due to enhanced deflection by the interplanetary magnetic field, increasing solar activity causes decreasing dose contribution from Galactic Cosmic Rays as well as for the protons in the South Atlantic Anomaly. To illustrate this, Figure 5 shows the Oulu neutron monitor count rate (http://cosmicrays.oulu.fi) for the DOSIS (in red) and DOSIS 3D (in blue) experiment timeframes. Whereas DOSIS (2009 was performed in the deepest solar minimum conditions of the space age, especially in the year 2009, DOSIS 3D started in 2012 with already increasing solar activity and was running during solar maximum conditions in the years 2013 and 2014.
Detector systems
The detector systems used within DOSIS and DOSIS 3D are on the one hand passive integrating thermoluminescence (TL) (Sect. 3.1), optically stimulated luminescence (OSL) (Sect. 3.2), and nuclear track etch detectors (Sect. 3.3) and, on the other, active silicon detectors (Sect. 3.4). Passive detector systems have been used since the Mercury missions (Warren & Gill 1964) and especially the combination of luminescence detectors with nuclear track etch detectors is currently widely applied onboard the ISS because it allows not only the determination of the absorbed dose, but also the dose equivalent in combining these two detector systems (see for example: Vanhavere et al. 2008) . Active silicon detector systems are commonly used onboard the ISS (see also Narici et al. 2015) , and therefore offer good baseline data for intercomparison purposes.
Passive detectors: thermoluminescence detectors (TLDs)
Within the DOSIS and DOSIS 3D experiments, the following thermoluminescence detectors (TLDs) were applied by the relevant groups.
DLR, Cologne, Germany, and ATI, Vienna, Austria, used extruded ribbons of LiF:Mg,Cu,P (MCP-7) with 4.5 mm diameter and 0.9 mm thickness, all produced by IFJ, Krakow, Poland. NPI, Prague, Czech Republic, used CaSO 4 :Dy detectors (CaSO 4 :Dy powder fixed by thermostable silicon binder in aluminum dishes) (Guelev et al. 1994 ) of the type Protecta MMS, manufactured by Laboratories Protecta Ltd., and single crystals of Al 2 O 3 :C (TLD-500 K) from Ural State University (Akselrod et al. 1990 ); both types of TLDs with 5 mm diameter and 1 mm thickness.
The relevant readout procedures and protocols for the applied detectors are given in Table 5 . As can be seen, there are some differences in experimental details, as each laboratory used its own procedure, based on its experience and practice. It has previously been demonstrated that, in spite of such differences, the obtained results are consistent and agree well within measurement uncertainties Bilski et al. 2013 ). The measured thermoluminescent signals were converted to units of absorbed dose in water through calibrations performed with secondary-standard gamma-ray radiation sources ( 60 Co for ATI, SCKAECEN and 137 Cs for DLR, IFJ, NIRS, MTA EK, NPI, NASA/SRAG).
Passive detectors: optically stimulated luminescence detectors (OSLDs)
All OSLDs used in this experiment were prepared from the same Al 2 O 3 :C material used in the Luxel TM and InLight TM dosimetry systems and provided by Landauer Inc. Nevertheless, each laboratory used its own preparation (bleaching) and readout procedure and equipment. It has been shown that the experimental readout parameters (e.g., choice of signal, optical filters used, etc.) influence the relative response of the OSLDs as a function of the linear energy transfer (LET) and, therefore, may result in slightly different doses in mixed heavy charged particle (HCP) fields (Sawakuchi et al. 2008) . To assist in the comparison of the results, Table 6 summarizes the detector preparation, readout, and analysis protocols used by the individual laboratories.
The OSLDs from OSU are 4 · 4 · 0.3 mm 3 detectors, bleached overnight under a yellow light (fluorescent lamp filtered by Schott GG-495) to erase any signal accumulated during storage. The detectors were read out for 600 s to record the OSL signal S during space exposure. (1)).
The reference dose D R must be larger than the doses to which the detectors were exposed, to avoid the influence of sensitivity changes in the detector ). Another option is to obtain the full S/S R versus dose calibration curve, which takes into account sensitivity changes in the detector. For the dose levels reported here, we found that the results using these different methodologies differ by less than 1%. The Belgian Nuclear Research Center (SCKAECEN) used disk-shaped Al 2 O 3 :C (Luxel TM ) OSLDs with 4.8 mm diameter and 0.2 mm thickness. For bleaching, the OSLDs are exposed to daylight for one day. The readout is done with green light from an argon ion laser. The OSL signal is calculated either as the maximum of or the area under the decay curve. The optically stimulated luminescence material (i.e., Luxel TM ) used by NASA/SRAG for the DOSIS project is identical to that used by the previous groups. The OSL measurements were performed using a Risø TL/OSL-DA-15C/D reader that uses, as light stimulation source, a 525 nm green diode module with a total power at the dosimeter of~40 mW/cm 2 . The OSL signal was measured using 7.5 mm Hoya-U340 filters to allow for proper discrimination between the stimulation and emission light . The NIRS used an OSLD (Al 2 O 3 :C) provided by Nagase Landauer Ltd., Japan. The size of this OSLD is 7.2 mm in diameter with 0.5 mm in thickness.
Passive detectors: nuclear track etch detectors
Nuclear Track Etch Detectors were used by DLR, MTA EK, NPI, IFJ, NIRS, and NASA/SRAG during all of the DOSIS and DOSIS 3D missions. The relevant detector materials and experimental protocols used by the individual laboratories for detector preparation and readouts are summarized in Table 7 .
The CR-39 track etch detectors used at DLR are made of polyallyl-diglycol-carbonate (C 12 H 18 O 7 ) and manufactured by American Technical Plastics Inc. (ATP), USA. The detectors were chemically etched in a NaOH solution (6.25 N, 50°C) for 36 and 168 h in a two-step etching process. The resulting tracks are analyzed manually using a Leitz Metalloplan microscope with a PixeLINK digital camera using DLR developed software (Straube et al. 2010) .
The used track etch detectors from MTA EK were produced by Track Analysis Systems Ltd. (TASL). Bristol, UK. A two-step etching process is applied: after the short etching (6 h), high LET particle tracks become visible, while the longer etching (15 h) reveals the lower LET particles as well. The different geometric parameters of the particle tracks are examined, using a Polyvar microscope (Reichert-Jung AG, Austria) equipped with a digital complementary metal-oxide semiconductor (CMOS) camera, in semi-automatic measurement mode, except the high-energy and high-charge (HZE) particles, which are measured manually. The image analysis and data processing are performed by MTA EK developed software, which determines the LET spectrum for each etching step, using the method described in Pálfalvi (2009) . To obtain the final LET spectra, the results from the measurements of the short and long etched detectors are combined. Absorbed dose rates (D) in water, dose equivalent rates (H), and averaged quality factors (Q) are calculated following the recommendations given in NCRP Report No. 137 (2001) and Pálfalvi (2009) . The Nuclear Physics Institute (NPI), Prague, Czech Republic, used HARZLAS TD-1 (Nagase Landauer Ltd.) detectors with a thickness of 0.9 mm. After etching in 5 N NaOH at 70°C for 18 h, the tracks are imaged and analyzed using the system HSP-1000 and software HspFit (Pachnerová Brabcová et al. 2013) .
The Institute of Nuclear Physics (IFJ), Krakow, Poland, used 0.7 mm thick TASTRAK detectors (Track Analysis Systems Ltd. (TASL), Bristol, UK). After etching in 7 N water solution of NaOH at 70°C for 12 h, the tracks are imaged using a Leitz Metalloplan microscope with a PixeLINK digital camera and analyzed using ImageTool software.
The NIRS used CR-39 (HARZLAS/TD-1) provided by Nagase Landauer Ltd., Japan and CR-39 (TechnoTrak) provided by Chiyoda Technol Corp., Japan. Their detector size is typically 18 · 16 · 0.9 mm 3 . After chemical etching with 7N NaOH at 70°C for 8 h, the nuclear tracks are imaged and analyzed using the system HSP-1000 and software HspFit (Yasuda et al. 2005) .
The CR-39 track etch detectors used at NASA/SRAG are manufactured by American Technical Plastics Inc. (ATP), USA. The CR-39 track etch detectors are chemically etched in a NaOH solution (6.25N, 60°C ± 5°C) for 38 h. The resulting tracks are analyzed manually using a Zeiss Axioskop 40 optical microscope. The bulk etch is calculated using the mass difference before and after etching (Zhou et al. 2007a (Zhou et al. , 2007b .
Active detectors DOSTEL
The Dosimetry Telescope (DOSTEL) instrument applied within DOSIS and the DOSIS 3D project has its heritage from numerous space missions (Reitz et al. 1998; Beaujean et al. 1999a Beaujean et al. , 1999b Reitz et al. 1999; Beaujean et al. 2002; Reitz et al. 2005; Labrenz et al. 2015) . The DOSTEL instrument is based on two passivated implanted planar silicon (PIPS) detectors each with a thickness of 315 lm and an area of 6.93 cm 2 arranged in a telescope geometry. The detectors are mounted at a distance of 15 mm, yielding a telescope with a geometric factor of 824 mm 2 sr for particles in coincidence mode. With this detector configuration, the DOSTEL measures count rates and dose rates of radiation hitting a detector (''dose measurement'') and coincidental hits in the two detectors to limit the pathlength in the detectors to derive information about the LET (''telescope'' or ''LET'' measurement). Based on the measured data, DOSTEL provides absorbed dose and dose equivalent values. Due to the fact that two DOSTEL instruments are mounted in perpendicular positions, information about the directionality of the radiation field inside Columbus can also be determined.
Results and discussion
Within the eight experiment phases of the DOSIS (Phase 1 and 2) and DOSIS 3D (Phase 1-Phase 6) experiments over the years 2009-2015, a tremendous amount of data has been gathered. The current evaluation and discussion of the results gathered within these eight experiment phases will be divided into four steps and will only focus on the passive TL/OSL detectors with a short comparison of results gathered with the active radiation detector system. The first step is the detailed comparison of data produced by all TL/OSL detectors for one experiment phase of the DOSIS 3D experiment (Phase 2). All the relevant conclusions drawn for the TL/OSL comparison for this phase are of course also valid for the other experiment phases. The second step will show the full dataset for the eight experiment phases using exemplarily data from Table 3 ) experiment was taken as an example. Figure 6 and Tables 8 and 9 provide an overview of the relevant absorbed dose rate values measured by ATI, IFJ, SCKAECEN, DLR, MTA EK, NPI, NASA/SRAG, and OSU for all applied TL/OSL materials. It is clear that the data obtained by different groups with the same detector type agree quite well: in almost all cases, the measured absorbed dose rates agree within the statistical uncertainties. At the same time, there are substantial differences between absorbed doses measured with various detector materials. One reason for this difference lies in the distinct relative OSL/TL-efficiency to heavy charged particles (protons, helium up to iron), which constitute a large portion of the radiation environment onboard the ISS.
Studies relating to this have been carried out at various accelerator facilities around the world mimicking as close as possible the radiation field and its constituents in space. Especially during the ICCHIBAN experiments a tremendous amount of comparison data has been gathered providing a better way of interpreting the results (Uchihori & Benton 2004) . Based on the knowledge of the differences in OSL/TLefficiency, all the relevant results and their differences can be explained.
For example, it was found that CaSO 4 :Dy applied by the NPI has a much higher efficiency to heavy ions than the applied Al 2 O 3 :C material from the NPI (Spurny & Jadrnickova 2008) . With this knowledge, the differences in the TL readings (on average, around 9% higher for CaSO 4 :Dy) can be explained. The same applies to the difference in LiF:Mg,Ti and LiF:Mg,Cu,P detectors used by the IFJ and SCKAECEN. On average, the values for 7 LiF:Mg,Ti are 15% (IFJ) and 18% (SCKAECEN), higher than those for the applied 7 LiF:Mg, Cu,P detectors (Bilski 2006; Bilski & Puchalska 2010; Bilski et al. 2011; Bilski et al. 2016 ). The LiF:Mg,Ti and LiF:Mg,Cu,P response ratio is also discussed further in Section 4.2. The TL-efficiency for CaF 2 :Tm is slightly higher than that for the nominally applied LiF:Mg,Cu,P material with an average of 13 lGy/day. It should be emphasized that this value is not the real neutron-absorbed dose, but rather a gamma-ray dose that would be needed to produce a thermoluminescent signal of equal intensity (sometimes called ''gamma-equivalent neutron dose'') (see also Berger et al. 2013 LiF detectors. No significant differences of the neutron signal between PDP locations were observed.
The OSL data from OSU and SCKAECEN agree reasonably well, considering the differences attributed to the experimental readout conditions. SCKAECEN uses blue-light stimulation and a filter that detects only (or mostly) F-center luminescence in Al 2 O 3 :C, whereas OSU uses green-light stimulation and the Hoya U-340 filter that transmits signals from both the F and F+-centers in Al 2 O 3 :C. As shown earlier, the relative luminescence efficiency will depend on the experimental readout conditions, including the choice of filters (that allows or not the detection of Al 2 O 3 :C UV emission band) and the choice of signal (initial part of the OSL curve or the entire OSL curve) (Sawakuchi et al. 2008 ). Comparing OSU results, which are based on the total OSL area, with SCKAECEN results for the total OSL area, OSU results are typically higher by 8-27% (average of 15%). Based on the data from Sawakuchi et al. (2008) , relative luminescence efficiencies when the UV center emission is detected are 2.9-39.3% higher than when the UV center emission is not detected, with an average of 19.2% between the different experiments (of course, this simple average does not take into account the actual composition of the space radiation environment). The important finding, however, is that both OSU and SCKAECEN data follow the same pattern, as can be observed in Figure 6 .
The use of Hoya U-340 filters by OSU has been based on better agreement with demonstrating that for the interpretation of dosimetric values gained with passive luminescence detectors in Low Earth Orbit (LEO), one has to clearly understand the detector material.
DOSIS and DOSIS 3D: TLD data for eight experiment phases
The second part aims at the comparison of data gathered during the two DOSIS and the six DOSIS 3D experiment phases. For the absorbed dose, values shown in the following Figures 8-11 are taken from ATI, IFJ, SCKAECEN, and DLR for DOSIS and from ATI, IFJ, SCKAECEN, MTA EK, and DLR for the DOSIS 3D experiment phases. 318 ± 9 329 ± 10 332 ± 5 326 ± 32 317 ± 14 307 ± 7 298 ± 16 312 ± 3 321 ± 19 303 ± 10 331 ± 3 2 354 ± 4 353 ± 10 373 ± 5 312 ± 16 332 ± 8 348 ± 6 321 ± 13 352 ± 7 350 ± 22 330 ± 8 358 ± 3 3 279 ± 8 270 ± 11 280 ± 4 263 ± 19 241 ± 14 258 ± 6 259 ± 8 259 ± 2 251 ± 18 240 ± 11 271 ± 2 4 276 ± 7 271 ± 6 278 ± 5 280 ± 13 254 ± 10 258 ± 7 254 ± 9 258 ± 2 258 ± 16 252 ± 12 271 ± 3 5 275 ± 7 284 ± 9 288 ± 7 267 ± 20 275 ± 10 263 ± 5 255 ± 15 268 ± 5 274 ± 17 260 ± 8 274 ± 2 6 312 ± 8 307 ± 11 321 ± 4 308 ± 17 303 ± 8 295 ± 4 290 ± 16 305 ± 2 291 ± 18 288 ± 8 314 ± 4 7 331 ± 5 305 ± 11 337 ± 5 333 ± 16 315 ± 8 310 ± 4 303 ± 9 319 ± 4 317 ± 19 301 ± 6 335 ± 5 8 310 ± 8 298 ± 8 309 ± 4 308 ± 15 294 ± 16 283 ± 3 288 ± 14 290 ± 3 269 ± 17 278 ± 8 299 ± 6 9 263 ± 5 242 ± 5 264 ± 7 263 ± 11 248 ± 11 241 ± 4 227 ± 14 244 ± 2 242 ± 15 246 ± 6 251 ± 2 10 269 ± 2 249 ± 6 268 ± 8 278 ± 11 254 ± 10 244 ± 3 233 ± 15 249 ± 4 245 ± 15 244 ± 17 263 ± 3 X 297 ± 5 300 ± 7 299 ± 5 301 ± 13 291 ± 7 290 ± 5 285 ± 8 278 ± 4 267 ± 19 283 ± 18 302 ± 4 LiF:Mg,Ti, especially in a stacked configuration, can lead to different absorption and self-absorption of the thermal and epithermal neutrons (Burgkhardt et al. 2006) , thereby decreasing the neutron signal to detectors below or in between. This was observed not only in various space missions ), but also during aircraft measurements .
For all eight exposure missions (Fig. 8) , we see a similar pattern of absorbed dose rate over the 11 positions in Columbus. The reason for this pattern lies in the different local shielding thicknesses for the 11 PDP positions inside the Columbus Laboratory. Changes in the local shielding configuration mostly influence the contributions to the absorbed dose values due to the low-energy protons of the South Atlantic Anomaly crossings.
For DOSIS 1 and DOSIS 2, the absorbed dose values are in the range between 200 and 300 lGy/day, with a reduction in dose from DOSIS 1 to DOSIS 2 due to a slow increase in solar activity. From DOSIS 2 to DOSIS 3D 1, we observe a sharp increase in dose rates (with minima at around 260 lGy/day LiF:Mg,Ti data for the two DOSIS (DOSIS 1 and DOSIS 2) and the six DOSIS 3D (DOSIS 3D1 to DOSIS 3D6) experiment phases. The blue band represents the weighted standard error of the mean.
and maxima up to 360 lGy/day), which can be attributed to the increase in ISS altitude by more than 70 km in the year 2011, resulting in higher contributions of protons from the South Atlantic Anomaly Crossings. From DOSIS 3D 1 onwards, the ISS altitude remained high, but solar activity increased further up to solar maximum in the years 2013-2014, leading to a reduction in trapped and galactic cosmic ray contributions. For DOSIS 3D 6, in the beginning of 2015, we arrive at similar dose values as for DOSIS 1 in 2009. This illustrates again the need for long-term dose monitoring and the influence of solar activity and ISS altitude on the doses onboard the ISS.
The variation discussed before is further illustrated in Figure 10 . It gives the mean as well as the range of dose values measured with 7 LiF:Mg,Ti detectors for all relevant mission phases in relation to the changes in the space radiation environment (from solar minimum to solar maximum) as well as to the changes in the altitude of the ISS.
As can be seen over the time of the DOSIS 3D missions, the dose rate gradually decreased due to increases in solar activity, and at the end of DOSIS 3D Phase 6, it almost reached the same levels as for the DOSIS 1 Phase. Figure 11 shows the variation of 7
LiF:Mg,Ti data separated in the forward and backward PDP positions in Columbus. Figure 11a gives the data for the forward PDPs, while Figure 11b shows the data for the backward positioned PDPs. It is clearly seen that the absorbed dose rate in the forward direction is lower for all DOSIS and DOSIS 3D experiment phases than the dose for the backward direction.
Recently, the dependence of the response ratio LiF:Mg,Ti to LiF:Mg,Cu,P on the cosmic radiation spectrum was studied 6 LiF:Mg,Ti data for the two DOSIS (DOSIS 1 and DOSIS 2) and the six DOSIS 3D (DOSIS 3D1 to DOSIS 3D6) experiment phases. The red band represents the weighted standard error of the mean. 7 LiF:Mg,Ti data (mean, minimum and maximum) for two DOSIS (DOS1 and DOS2) and the six DOSIS 3D (D3D1 to D3D6) experiment phases. In addition, the plot gives the changes in ISS altitude and the relevant Oulu NM count rates. LiF:Mg,Ti data (mean) for the two DOSIS (DOSIS 1 and DOSIS 2) and the six DOSIS 3D (DOSIS 3D1 to DOSIS 3D6) experiment phases for the forward side (a) and the backward side (b) of Columbus. (Bilski et al. 2016) . It was found that this ratio is especially influenced by the shielding thickness, decreasing with increasing thickness. The values measured within the DOSIS missions fluctuate around 1.15, which is fairly consistent with the predictions for the Columbus module (Bilski et al. 2016 ) and corresponds to the effective shielding of about 50 g/cm 2 . The differences between various positions of PDPs are rather small, suggesting that the effective shielding is probably mainly dominated by the mass of the Columbus module and the whole station, and less influenced by local shielding. Nevertheless, some PDP locations seem to show systematically somewhat higher or lower values, suggesting effects of local shielding. For example, the lowest value of this ratio was nearly always found for PDP #3, while the highest for PDP #7 and these locations correspond to the lowest and to the highest measured dose rates.
DOSIS 3D: TLD data from other parts of the ISS
This third chapter provides additional 7 LiF:Mg,Ti (TLD-700) data from NASA/SRAG for their nominal applied Radiation Area Monitoring (RAM) devices used by NASA/SRAG throughout the Station. For the comparison with DOSIS 3D data, an overlapping time period was used as given in Table 11 .
The ISS RAM detectors were launched with Soyuz 38S and remained installed for a total mission time of 229 days for returning back with Soyuz 39S. This time period would cover the DOSIS 3D Phase 5 (March-September 2014) as well as the first part of DOSIS 3D Phase 6 (September 2014 -March 2015 . Within these two time periods, the 7 LiF:Mg,Ti data for Columbus ranged from 216 ± 8 to 313 ± 9 lGy/day. Data from NASA/SRAG is provided for four positions outside of Columbus (see Table 12 ). While Positions 1-3 were inside the US LAB (Destiny), Position 4 was in the Airlock. Table 12 provides the total absorbed mission dose as well as the absorbed dose rates in lGy/day for these four respective positions. In comparison to the dose values in Columbus, we see similar minima of the absorbed dose rate 201 ± 5 lGy/day, but also an increased maximum of 421 ± 12 lGy/day at the location close to the LAB D3 window, which can be attributed to lower shielding close to the window. Overall, the additional data confirms that within the relevant modules, the dose values can vary up to a factor of 2, depending on the local shielding environment.
DOSIS and DOSIS 3D: TLD/DOSTEL comparison
This section shows a comparison between the measurements of the active DOSTEL-1 instrument and the passive 7 LiF:Mg,Ti detectors mounted close to it for the DOSIS and DOSIS 3D experiments. Figure 12 provides, as an example, the count rate (counts/sec) measured with one of the DOSTEL instruments for a time period of 12 h. It shows the nominal and expected behavior for a silicon detector onboard the ISS, with the variations in counts related to the Galactic Cosmic Rays over the nominal orbits of the ISS and the additional spikes (on average up to six per day) for the crossings of the South Atlantic Anomaly (SAA) (see for example: Reitz et al. 2005; Labrenz et al. 2015) . Figure 13 provides in addition the corresponding absorbed dose rate in silicon for this 12-h time period, with the minima at the equator of between 1 and 2 lGy/h followed by the respective maxima at high northern and southern geomagnetic latitudes of up to 20 lGy/h and the highest dose rates due to the SAA crossings with up to 300 lGy/h.
With the DOSTEL instrument, due to its active dosimetry data, one is able to distinguish between contributions from GCR and SAA to the total absorbed dose. For example, during Phase 2 of the DOSIS experiment, the average DOSTEL-1 absorbed dose rate accounted for 234 ± 18 lGy/day (see Table 13 ), with contributions from GCR of 150 lGy/day and a contribution from the on average 4-6 daily SAA crossings of 84 lGy/day. For DOSIS 3D Phase 1 with the increase in ISS altitude (see also Fig. 4) , the daily absorbed dose values account for 286 ± 25 lGy/day with contributions from GCR of 145 lGy/day, and a contribution from the SAA crossings of 141 lGy/day. With this, the SAA contribution increased by around 75% due to the changes in ISS altitude. In terms of comparison with other active radiation detectors onboard the ISS, one can state that the absorbed dose rates measured with the DOSTEL-1 instruments are in line with data provided by the Russian DB-8 instrument located in the Russian Zvezda Module of the ISS (Lishnevskii et al. 2012) , taking into account the different shielding thicknesses the four DB-8 units have inside the Russian part of the ISS. For the entire DOSIS and DOSIS 3D missions, one PDP (Triple PDP) was always attached at the left side of the DOSIS-MAIN BOX (see Fig. 3d ). Table 13 provides a comparison of the absorbed dose data (converted to absorbed dose in water) measured with the DOSTEL-1 instrument with the 7 LiF:Mg,Ti data provided by the Triple PDP located around 15 cm from the DOSTEL-1 instrument. DOSTEL-1 data was therefore averaged over the relevant mission duration as given in Table 3 . As can be seen, the data agrees very well within the respective error bars. In addition, it should be noted that (a) the PDP was located directly at the DOSIS-MAIN BOX only between 93 and 96% of the mission time (see Table 3 ), with the rest of the mission time either flying to the ISS or already stowed for return from the ISS, and (b) the DOSTEL instruments measure with almost 100% efficiency in a wider LET range than the TLDs, while the TL-efficiency starts dropping above around 10 keV/lm. However, the newest calculations by Bilski et al. (2016) show that 7 LiF:Mg,Ti would still measure, in terms of absorbed dose in water, about 95% of the relevant dose inside the ISS.
Summary and conclusion
In the framework of the DOSIS (2009 DOSIS ( -2011 and the DOSIS 3D (2012-ongoing) experiments, the spatial and temporal variation of the radiation environment in the European Columbus Laboratory onboard the ISS has been and is still being mapped with a variety of active and passive radiation detectors. The passive radiation detectors (TLD and OSLD) enabled determination of the variation of the absorbed dose rates at 11 positions inside Columbus, with data from eight research groups providing in total a number of 10 different TLD/OSLD materials. This provided a direct comparison of the absorbed dose rate gathered with these different materials and, due to extensive ground-based calibration efforts, enabled the explanation of differences in the relevant absorbed dose readings. Data measured with passive radiation detectors showed that the absorbed dose values inside the Columbus Laboratory follow a pattern, based on the local shielding configuration of the radiation detectors, with minimum dose values observed in the year 2010 of 195-270 lGy/day and maximum values observed in the year 2012 with values ranging from 260 to 360 lGy/day. The absorbed dose is modulated by (a) the variation in solar activity and (b) the changes in ISS altitude. LiF:Mg,Ti detectors. The database generated up to now will be further expanded to include data from the combination of the passive TLD/ OSLD systems with the Nuclear Track Etch Detectors and further comparison with the active systems.
